Figure 1. Features of the Sup35 and Ure2 Proteins
The simplest explanation for these bizarre observaof different protein structures rather than upon the inheritance of different nucleic acids, is bolstered by the tions is that [PSIϩ] and [URE3] are due to the inheritance of Sup35 and Ure2 proteins in an altered, prion-like, pivotal role that the protein chaperone Hsp104 plays in the inheritance of [PSIϩ] (Chernoff et al., 1995; Patino structural state (Figure 2) (Wickner, 1994 (Wickner, , 1996 Tuite and Lindquist, 1996) . This would produce the same pheet al., 1996) . The normal role of Hsp104 (heat-shock protein 104) is to promote the survival of cells exposed notypes as mutations in Sup35 and Ure2, because the proteins carboxyl termini can't function in this state.
to environmental stresses, such as high temperatures or high concentrations of ethanol. It does so by promoting These loss-of-function phenotypes would be dominant and inherited in a non-Mendelian manner, because proconformational changes in stress-damage proteins, leading to their reactivation (Parsell et al., 1994; Vogel teins , 1995) . When Hsp104 is placed under the control of a heterologous promoter and expressed at a high them to adopt the same altered structures. Assuming that these structural alterations depend upon associalevel for a few hours at normal temperatures, it has little noticeable effect, unless those cells harbor the [PSIϩ] tions of the amino-terminal domains would explain why cells are immune to the elements when these are deelement. In that case, the vast majority of cells lose the element (Chernoff et al., 1995 (Chernoff et al., 1995; Patino et al., 1996) . In fact, it produces a "psi-no-more" phenotype, preventing them from becoming [PSIϩ] even with overexpression of Sup35. Thus, the maintenance of [PSIϩ] requires an intermediate concentration of Hsp104; too much or too little, and the element is lost. One model to explain these data is that Hsp104 is required because it promotes a conformational "transition" state in Sup35 that facilitates its folding into the prion-like [PSIϩ] structure. When Hsp104 concentrations are too high, however, the transition state conformers generated by Hsp104 are too broadly dispersed to promote assembly into a substructure that is competent for association with preex- (Patino et al., 1996) . Whatever the The N-terminal domain of Sup35 or Ure2 acquires an altered conforprecise mechanism may be, the intimate involvement of mation that can interact with other molecules of the same type, a chaperone in the maintenance of [PSIϩ] supports the causing them to adopt the same form. It is not clear whether the hypothesis that it is due to a heritable protein structure.
C-terminal domain is also structurally altered or is inactivated simply For mammalian prion diseases, the linkage to chaperby sequestration from its normal associations. Nor is it clear if the one proteins is still weak, but suggestive (Kenward et rate-limiting step occurs between molecules in solution or as a process of aggregation (see Horwich and Weissman, 1997 (Patino et al., 1996; Paushkin et al., 1996) and Ure2 in cells that contain [URE3] (Masison and Wick- duced when cells are starved for nitrogen . ner, 1995). Moreover, just as mammalian PrP is prone to aggregation in the prion state and is often found in
In the natural environment, yeast cells must cope with changes in temperature, availability of nutrients, compelarge aggregates or "plaques" in the brains of infected animals (Horwich and Weismann, 1997) (Patino et al., 1996; Paushkin et al., 1996) .
nism by which individuals with identical genomes can be preadapted to different selective niches. (Patino et al., 1996) . Again, experimental manipulainheritance of phenotype can sometimes be based upon the inheritance of different protein conformations rather tions that cure cells of [PSIϩ] , or induce it de novo, cause a concomitant change in the distribution of the than upon the inheritance of different nucleic acids. In this light, the prion hypothesis for "mad cow" disease GFP fusion protein. When GFP is attached to a different type of aggregation-prone domain, the pattern of aggreno longer seems so mad. In fact, yeast prions even provide a corollary for what is currently the most contengation is variable from cell to cell. In contrast, the aggregation pattern of the Sup35-GFP fusion is invariant.
tious issue in the prion field, the existence of strains.
(See Horwich and Weissman, 1997, for a description of When mothers contain aggregates, their daughters do too (Patino et al., 1996) . These data strongly bolster mammalian strains, and Derkatch et al., 1996 , for the discovery of yeast strains.) Of course, the oft touted genetic arguments that [PSIϩ] and [URE3] represent heritable changes in protein conformation.
"awesome power of yeast genetics" will provide important new tools for the study of prion-like processes. But Why Do These Elements Exist? In PrP, amino acids that contribute to prion formation far more importantly, yeast prions instruct us to broaden greatly the context in which such processes might be are broadly distributed through the protein. With the yeast prions, however, prion determinants seem resought. My parting words, therefore, are meant to be provocative. stricted to functionally dispensable, adventitious domains. This suggests yeast prions represent a novel, As discussed above, prions need not be pathogenic. Indeed, I would suggest that self-promoted structural sometimes beneficial mechanism for environmental adaptation rather than a mechanism of disease. I will frame changes in macromolecules lie at the heart of a wide variety of normal biological processes, not only epigethe hypothesis for [PSIϩ] . A similar case could likely be made for [URE3] .
netic phenomena, such as those associated with altered chromatin structures, but also some normal, developYeast cells rapidly rid themselves of even mildly deleterious markers. If the amino-terminal domain of Sup35 mentally regulated events. Developmental switches are often initiated by high-level expression of a key regulaserved only to make cells susceptible to pathogenic reductions in the fidelity of protein synthesis, it should tor. Once determination is achieved, high level expression is no longer required. Of course, there may be many not be maintained. Yet not only is it maintained, it is conserved (Kushnirov et al., 1990) . Since the only known reasons for such a pattern, but among them, in some cases, may be the need to nucleate an altered protein function of this domain is to make cells susceptible to [PSIϩ] , the question is: could [PSIϩ]-mediated nonstructure that, once initiated, is self-promoted and heritable in the determined lineage. (In this regard, it is sense suppression have a beneficial effect that keeps this domain associated with Sup35? The complete yeast intriguing that many important regulators contain large glutamine-and asparagine-rich domains that look rather like those of Sup35 and Ure2.) Finally, such processes needn't be restricted to proteins. RNAs can assume alternative structures, and it is easy to imagine how such structures might become self-perpetuating. (A case worth investigating is Xist RNA, the determining factor in X-chromosome inactivation that forms an as yet undetermined structure surrounding the inactive chromosome [Willard, 1996] .) My contention is that yeast and mammalian prions are not oddities in a biological freak show, but actors in a larger production now playing in a theater near you.
